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Using low-energy electron microscopy, we image in real time the intercalation of a cobalt monolayer
between graphene and the (111) surface of iridium. Our measurements reveal that the edges of a
graphene flake represent an energy barrier to intercalation. Based on a simple description of the
growth kinetics, we estimate this energy barrier and find small, but substantial, local variations.
These local variations suggest a possible influence of the graphene orientation with respect to its
substrate and of the graphene edge termination on the energy value of the barrier height. Besides,
our measurements show that intercalated cobalt is energetically more favorable than cobalt on bare
iridium, indicating a surfactant role of graphene.
Graphene is an atomically-thin coating that forms
at the surface of various carbides and metals.1,2 Be-
ing impermeable and inert, it protects metal sur-
faces, which may otherwise lose their properties
due to oxidation3 or to the adsorption of airborne
molecules.4 The continuity and crystalline quality of
the graphene layer are essential to protect efficiently
the support surface. For instance, the dissociative
adsorption of molecular oxygen in the bare regions
of the metal may favor intercalation of oxygen below
graphene-covered regions, leading to the oxidation of
the entire surface.5–10
While intercalation might be in some cases re-
garded as a detrimental process, it also offers a
wealth of opportunities to modify graphene’s prop-
erties. Intercalation is in fact an established route
to functionalize graphene from below,11–14, to de-
couple it from its substrate,11,15–19 to modify the
properties of intercalated layers,20–24 and to control
chemistry underneath graphene.16,25–28 In the case
of metal intercalants, several intercalation pathways
have been identified involving either pre-existing
point defects21,22 or their formation29,30, and curved
regions of graphene, such as wrinkles and substrate
step edges.31 Identifying and selecting these inter-
calation pathways is of crucial importance for the
preparation of advanced multi-layered functional
materials based on high-quality graphene.
Here, we focus on the energetics of an intercalation
process taking place at the edges of graphene, which
we monitored in real time by means of low-energy
electron microscopy (LEEM) observations. In our
work, the intercalant is cobalt and graphene is pre-
pared on the (111) surface of iridium. Mass trans-
port through the graphene edge is described using a
phenomenological model based on a limited number
of free parameters. This allows us to estimate the
energy barrier involved in the intercalation mecha-
nism. We find that this energy barrier differs by a
few 10 meV typically, from one location to another
along the graphene edges. These variations suggest
that the nature of the graphene edge and the crys-
tallographic orientation of the graphene flake with
respect to the metal substrate have an influence on
the rate of intercalation.
Graphene was prepared under ultra-high vacuum
by catalytic decomposition of ethylene on a clean
Ir(111) surface. This metal surface represents a pro-
totypical substrate allowing to grow high-quality,
exclusively single layer graphene, with extended
lattice continuity and controlled crystallographic
orientation.33–35 Ethylene was introduced with a
5×10−8 mbar pressure, and the Ir(111) surface was
kept at 1000◦C during graphene growth until about
80% of the Ir surface was covered. The LEEM im-
ages of the surface [Fig. 1(a)] show graphene do-
mains having different electron reflectivity.34 Mi-
croprobe low-energy electron diffraction (µ-LEED)
measurements reveal both a 30◦ [Fig. 1(b)] and a 0◦
[Fig. 1(c)] orientation of the graphene domains (vari-
ants). Cobalt was subsequently deposited using an
electron-beam heated evaporator. The sample was
kept at 250◦C during Co deposition (at a rate of 0.08
monolayers (ML) per minute).
The surface work function changes drastically de-
pending on whether graphene is present or not,31
and depending on whether cobalt is on top or below
graphene21. For example, the surface work function
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FIG. 1. (a) LEEM micrograph (start voltage, 4 V)
revealing graphene domains with distinct electron re-
flectivity. The meandering atomic step edges of the
metal surface and the branched network of graphene
wrinkles are both visible. The dark halo blurring the
graphene edges is a joint effect of the deviation of the
electron beam due to the electronic density contrast
between graphene and the metal, and of the contrast
aperture limiting the angular acceptance of the instru-
ment. Top right: Schematics of the LEEM micrograph
permitting identification of graphene-free (yellow) and
graphene-covered (gray) regions having different orien-
tations, highlighted in red and blue for 0◦- and 30◦-
rotated graphene domains, respectively. (b,c) Micro-
LEED (start voltage, 40 V) patterns measured at the
two locations marked by a dotted colored circle in (a),
for a 30◦- (blue) and 0◦-rotated (red) graphene domain.
The angles between the high symmetry reciprocal space
directions of graphene and Ir(111) are indicated.
of a Co monolayer on Ir is reduced by about 1.7
eV when covered with graphene31. In a low-energy
electron microscope such a strong change can be eas-
ily monitored in situ by measuring the onset of the
mirror mode regime. That way, the intercalation
process is tracked at video rate.
Figure 2 shows a sequence of LEEM images dur-
ing Co deposition, from 0.4 to 2.1 equivalent of a
ML. We first note that within the spatial resolu-
tion of our microscope, we do not observe the for-
mation of Co clusters on top of the graphene layer,
contrary to what is found when Co is deposited at
room temperature.31 Instead, Co directly interca-
lates with no need of extra thermal energy (this is
measured through the large change of the surface
work function). We deduce from this observation
that the surface mobility of Co atoms on graphene
must be rather high already at 250◦C. Co atoms
then efficiently reach the edges of the graphene flakes
and land down on the Ir surface. At this temper-
ature, intercalation is found to occur mainly from
the edges of the graphene flakes, while other inter-
calation pathways21,22,31 and intercalant/substrate
intermixing26 can be essentially neglected. This can
be seen from the LEEM image sequence reported in
Fig. 2, which reveals that a rim of intercalated ma-
terial, extending across several hundreds of nanome-
ters, grows as more Co is deposited.
The LEEM image at an early deposition stage
(0.4 ML) in Fig. 2(b) shows that Co forms meso-
scopic 1 ML-thick islands on bare Ir. Below
graphene, the Co film is continuous and growth char-
acteristics are different (more step flow like). Care-
ful inspection of the LEEM images on bare Ir, close
to the 30◦-oriented graphene domain, reveals that
a few 10/few 100 nm-wide (bright) rim alongside
of the graphene edge is Co free [follow e.g. the
arrows in Fig. 3]. We interpret the origin of this
Co depleted region as a manifestation of a surface-
diffusion-driven mass transfer across the graphene
edge. This result is surprising at first sight since
the (downward) clamping of graphene edges to the
Ir(111) surface36–38 is expected to hinder intercala-
tion – an energy barrier εG [Fig. 4(a)] needs to be
overcome to alter the C-Ir bonding configuration and
let Co atoms ”pass through”. On the basis of this
sole argument, Co accumulation, rather than Co de-
pletion, would be expected.
To account for our observation, an asymmetric
energy barrier for Co adatoms passing through, in-
wards or outwards the graphene edge, needs to be
considered, with a higher energy barrier for the
outwards path. Two kinds of potential energy
landscapes for Co adatom diffusion comply with
such an asymmetry. The first kind comprises a
dip at the vicinity of the graphene edge, on the
graphene-covered side – where the Co atoms would
hence be stabilised. Such a scenario would how-
ever contradict a previous report, in which Co atoms
were found prominently further inwards from the
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FIG. 2. Series of LEEM (start voltage, 4 V) micrographs after the deposition at 250◦C of the equivalent of 0 (a), 0.4
(b), 1 (c), and 2.1 ML (d) of Co, for the same region as in Fig. 1(a). The dotted frame in (a) highlights the region
addressed in Fig. 3. Arrows indicate a substrate step edge and a wrinkle.32
graphene edges.20 Hence, our data point to a sec-
ond possible scenario: an asymmetric energy bar-
rier translating a lower average potential landscape
on graphene-covered regions than on graphene-free
regions – i.e. Co adatoms are thermodynamically
more stable when intercalated than on bare Ir(111).
The reason for this increased stability might be the
higher coordination of the Co atoms below graphene,
which form Co-C bonds stronger than Ir-C bonds.20
Overall, graphene can be regarded as a surfactant,39
modifying surface energies. This stabilisation effect
is at variance with the case of oxygen adatoms40: in-
tercalated oxygen is only stable thermodynamically
in the presence of an external oxygen pressure, with-
out which oxygen adatoms tend to leave graphene-
covered regions and diffuse back towards the bare
metal surface.40
Figure 4(a) translates our LEEM observations in
a statistical manner, representing, as a function of
Co deposition, the surface fraction of Co in the form
of an intercalated ML (θi) or in the form of a Co
ML (θ1) and a Co bilayer (θ2) on Ir(111). The anal-
ysis was performed for two graphene domains, corre-
sponding to 30◦ and 0◦ orientations. In both cases,
Co growth on bare Ir(111) does not follow a layer-
by-layer mode: above the equivalent of 0.4 ML of
deposited Co, the second Co layer starts to grow,
before the first layer is complete (see in Fig 4(a) how
θ2 increases before θ1 saturates). Besides, the effi-
ciency of Co intercalation appears enhanced when
the second Co layer forms on Ir (see in Fig. 4(b)
how θi increases together with θ2), and is already
significant before θ1 saturates. This points to a non-
negligible energy barrier εG for Co atoms to inter-
calate, as mentioned above, but also to an energy
barrier ε↑ for Co atoms to climb up Co atomic step
edges.
A key observation is that Co intercalation pro-
gresses differently at the vicinity of two graphene
domains, as can be seen in Fig 4(a) (θi increases dif-
ferently for both graphene domains). In particular,
Co intercalation sets in earlier for the 30◦-oriented
domain (see bottom panel in Fig. 4(a) in the range
of 0.25 to 0.7 equivalent ML of Co deposited). The
effect is also visible in Fig. 2(b) for 0.4 equivalent ML
deposited on the surface. This is consistent with the
fact that the completion of the first and second Co
ML on Ir (θ1 and θ2) are both delayed for this do-
main compared to the 0◦ one [see the shifted gray
and dark areas in Fig 4(a)]. These experimental find-
ings suggest that the energy barrier εG for Co atoms
to intercalate is different in the two cases, smaller
for the 30◦ graphene domain, where intercalation is
more efficient.
To gain more quantitative insights, we describe
the time-evolution of θi, θ1, θ2, and θ3 (3 ML of
Co on Ir) using a simple material balance model.
All kinetic processes we consider are represented in
Fig 4(b). They include the incoming Co flux, F ,
(from the Co evaporator) and the local surface Co
flux, G, originating from the fast diffusion of Co
atoms atop the graphene flake (no formation of Co
clusters is observed on graphene). Mass transport on
Ir(111) and atop Co layers is accounted for by the
energy barriers εIr and εCo respectively. Similarly,
mass transport hinderance when climbing up atomic
step edges on graphene-free regions is accounted for
by an energy barrier ε↑, while mass transport across
graphene edges, towards graphene-covered regions,
is accounted for by an energy barrier εG implying
(at least partly) the breaking of metal-carbon bonds
(we assume that εG at a given location is constant
all along the intercalation process). We simplify the
asymmetric energy barrier (see discussion above) for
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FIG. 3. Series of four LEEM (start voltage, 4 V) micrographs (left side) during Co deposition (the values reported
in the figure are expressed in equivalent Co MLs). The area shown corresponds to the dotted frame in Fig. 2(a).
On the right side, the composition of the surface is highlighted using different color levels, yellow for bare Ir(111),
gray for graphene/Ir(111), violet for intercalated Co (Coi), orange for 1 ML Co on Ir(111), and green for 2 ML Co
on Ir(111). The black rim represents the halo at the graphene edges [see Fig. 1(a)]; the red arrows point to Co-free
iridium areas close to a graphene edge, on the graphene-free side of the edge. Such areas persist longer close to the
graphene edge.
Co to enter/escape graphene-covered regions, by as-
suming an infinite barrier for escaping. A set of four
coupled differential equations can then be written
(more details can be found in the supplementary ma-
terial) that we solve numerically. The best fit to the
data is shown in Fig. 4(a), and corresponds to εCo =
0.14 eV (while εIr is set to 0.2 eV), ε↑ = 0.20 eV, and
εG = 1.46 and 1.48 eV for the two different graphene
domains. Although the latter difference of 20 meV
is small, it is significant.
To explain this difference several effects can be
invoked. One is the orientation of the substrate
step edges with respect to the edges of the graphene
flakes: for example, perpendicular substrate step
edges could facilitate Co diffusion and be thought
as tunnels for Co intercalation. Another effect could
be related to the graphene edge orientation, which
is expected to modify the strength of the graphene
edge-substrate interaction, and thus its permeability
to Co (and in turn, εG). A last effect is the different
interaction between graphene and Ir(111) depend-
ing on the graphene domain orientation,41 which is
liable to control the thermodynamic surfactant ef-
fect of graphene: Co atoms should be stabilised in a
different manner whether they are below a 30◦ or a
0◦ rotational domain. Discriminating these three ef-
4
fects is beyond the scope of the present work. More
information about the chemistry of the graphene-Ir
and graphene-Co interactions, including interactions
at graphene edges, would presumably be insightful
to this end.
In summary, we find that Co intercalation be-
tween graphene and Ir(111), from the graphene
edges, can be activated at 250◦C. A Co depletion
alongside the graphene edges, on graphene-free re-
gions, signals an asymmetric energy barrier to Co
intercalation, and a thermodynamically more fa-
vorable binding configuration underneath graphene
than on bare Ir(111). This suggests a surfactant
role of the graphene layer, which is expectedly do-
main orientation-dependent. Beyond these thermo-
dynamics considerations, kinetic hinderance play an
important role. In particular, we infer substan-
tial energy barriers to intercalation, and observe
that they vary spatially. We ascribe this spatial
dependency to the crystallographic orientation of
graphene with respect to its substrate, to the con-
figuration of the carbon-metal bonds at graphene
edges, and/or to the contribution of the substrate
step edges. Based on a crude model, the variations in
energy barriers are small but significant, estimated
to be of the order of a few 10 meV.
We emphasize that intercalation has been demon-
strated for a variety of elements, including var-
ious transition metals and alkali atoms, between
graphene and a variety of substrates. The role of
the interactions between the intercalated atoms and
the substrate atoms might be an important factor
governing the intercalation process. Strain in the
intercalated layer (compared to the same material
in a bulk phase) and polarisation of the interatomic
bonds at the interface between the intercalated layer
and the substrate, might also influence the inter-
calant diffusion below graphene. We hence expect
qualitatively similar intercalation processes for Fe,
Co, and Ni atoms, and for Ir(111) and Pt(111) sub-
strates.
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FIG. 4. (a) Cobalt coverage deduced from a LEEM
movie for θi, θ1 and θ2, as a function of the total amount
of Co deposited (for the R0 and R30 variants). Fits
to the data using rate equations are shown with dotted
and solid lines. The two shades of gray highlight the
regions of the graphs where θ1 and θ2 approach satura-
tion. (b) Schematics of the Ir(111) surface partly covered
with graphene, with Co in the form of an intercalated
monolayer or in the form of a mono-, bi-, and trilayer
on Ir(111) – with corresponding coverages θi, θ1, θ2, and
θ3. The processes considered to model the intercalation
kinetics are indicated with a curved arrow and activation
energies εG, εIr, εCo, and ε↑). The direct impinging flux
F of Co atoms (from the evaporator) and the effective
additional flux G corresponding to Co atoms first landed
on graphene, are also represented.
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